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* The CMS Pixel Detector & Motivations for the Upgrade

* Module Production Steps (in Hamburg)
* Qualification of Single-Chip Modules
* DESY Test Beam & X-ray Studies

e General Status and Outlook
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* Innermost component of the CMS tracking system
* Crucial role in full tracking, primary/secondary
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vertexing, b-tagging, e/y separation,...

Presently installed system: D
» 3layersin the barrel (BPIX, 48 M pixels) ' |
« 2+2 disks in the forward region (FPIX, 18 M pixels)
* Resolution in r¢~9 pm and in z~20 pm

—~—

Total Weight : 14,500 t.
Overall diameter: 14.60 m
Overall length : 21.60 m
Magnetic field : 4 Tesla
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Peak interactions per crossing
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* Present pixel tracker designed for maximum L,

* Likely to reach L,
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Multiple interactions per bunch crossing (pile—up)
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=2x10%* cm2s! before 2018 > Expected inefficiency for Layer 1:

Data loss mainly due to:
Overflows of buffers in the Readout Chips (ROC)
Saturation of data links
Degradation of spatial resolution due to radiation damage in the sensor
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bunch crossing frequency 25 ns: 16%
bunch crossing frequency 50 ns: 50%

Rep

winter-shutdown 20

lace entire pixel detector in
16/17




One layer more With respect to the current detector (BPIX and FPIX)

— Improved efficiency and resolution

Increased buffers on the readout chip
— Improved efficiency at high fluxes

Digital output from the readout chip
— Gain in communication speed

CO2 cooling, new cabling and powering scheme (DC-DC)
— Less material

n=0 n=0.5

upgrade

50.0 cm #

present

n=0 n=0.5 n=1.0

02.06.14

e e e
~ [ w0 -

e
o

tt - tracking efficiency

-

0.9

0.8

0.7

0.6

0.5

0.4

10"

~ 50% more pixels!

L=2x10% cm2s' @ 25ns
(PU 50)
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—=— Current Pixel Detector
| —=— Upgrade Pixel Detector
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—~CMS-Pixel Sensaors

“n*inn” design

Pixel size 150x100 um?

285 um thick

Each pixel is bump bonded to it's
readout

Bulk (n doped)

readout ‘.
amplification |
digitization
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Bulk (n doped)

amplification
digitization
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—~CMS-Pixel Sensaors

Charged Particle
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* Signal charge is deflected by magnetic
field and shared among pixels ~©,=18°

* Analog charge interpolation among
pixels “center of gravity”

- improves resolution

* Sensor shown to be sufficiently radiation
hard = design kept for upgrade

Compact Muon Solenoid
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7.8mm

« 4160 pixels, bump-bonded to sensor
* Double columns (DC) operate independently

« Zero suppressed charge stored in periphery buffers

Single pixel « Trigger verifies hits are readout after external token

2
150 x 100 um passage

DC qurade Improvements:

readout

WiLig'6

* Increased data and timestamp buffers
« Additional readout buffer stage
« Additional ADC, increased readout link speed

ij DC periphery: J .
Al bt A g .' 40MHz analog = 160MHz digital

L 24 timestamp buffers/DC | | » Enhanced analog performance:
' s B R R e ' Pl - Charge threshold reduced: 3.5 ke to 1.5 ke

||
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ADC readout buffer 160MHz out
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"Modules

xel

Layer | Radius [mm] | # Modules Production
Centers
1 29 96 CH (PSI)
2 68 224 CH (PSI)
3 109 352 CERN, IT, TW, FI
4 160 512 GER.
KIT/Aachen +
DESY/UHH
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Micro twisted pair cable

HDI

Sensor

16x
Digital ROCs

Base strips
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Sensors

l Bump Deposition
Solder balls “solder jetting”
40um SnAg

Reflow
Laser

* Singulate and drop through

capillary towards pad
* Melt by laser pulse during fall
+ Solidify on pad

Pac Tech SB2 Jet
Step-motor controlled
5Hz > 4h/Sensor

02.06.14

" Compact Muon Solenoid

Flip chip bonding

Bare module
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HDI

Bare module
——p—— Glue and wirebond TBM
l Electrical testing

Glue basestrips

e S
e

Glue HDI
Wire bond ROCs to HDI

Cold Box: Thermal cycling and
full module test

Complete Module

Energy charge calibration Complete & tested
> (X-ray) : Module
High rate tests
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| IR
570 420 270 120 60 0 z[mm]
time scint downstream arm DUT upstream scint
ref trig arm trig

Quialification of module prototypes in the test beam

« Telescope[*]: 6 planes of Mimosa26 (MAPS) devices

DUT: Single chip module
(ROC+sensor)

TR

* Beam: ~O(kHz/cm?) of 1-6 GeV e* Al cv: Vveaimor \
* Device under test (DUT): Rotatable (tilt/turn) C: 15DIG

« REF = single chip module for timing
« Trigger: 4-fold scintillator coincidence

[*] See also at TIPP’14:
http://indico.cern.ch/event/192695/session/7/contribution/347
http://indico.cern.ch/event/192695/contribution/345
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Single chip module (sensor bump
bonded to read out chip)
Threshold ~1.5ke

V.. -150V
I% ] Entries 1193642
516000  Pixel charge Undeflow 81
4 . . . Overfl 119509
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After subtracting the telescope resolution:

Spatial resolution ~ 5.1 um

4000
e Data

2000 . .
] 4 Simulation
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Irradiated at CERN PS with 24GeV protons
¢=3.77 x 10 p/cm-? > 130 kGy
(Full layer 4 lifetime dose)

DUT [mm]
N w >

-

Threshold: ~1.5 ke
Full depletion at V.. = -200 V
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After Irradiation: Spatial resolution ~6.2 um ( before ~5.1um)
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3 -2 A 0 1 2 3 4
telescope track X ot [mm]

Remains 99.8% efficient
in fiducial volume

14

CMS DUT efficiency
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X-RayCalibrafion ofinternal Test Pulse

To perform tests of the readout chain, and for setting the thresholds, an internal calibration
pulse (Vcal) is used
Absolute energy calibration is performed using well defined x-ray fluorescence lines

Primary X-ray beam
1

N

3 Targets:

8000

8 | a2/ ndf 8.037/2 )
3] r .
Cu, Mo, Ag, Te S ol | Prod 0.01798 Te: 27.5 keV
C | p0  -633.6 +158.5
so00— | P 47.49 +1.236
C Ag: 22.1 keV
5000 — <
Relate internal Veal —,F Mo: 17.44 keV
unit to well known -
_ _ charge deposition 000~
Single chip module of X-Ravs C
2/ ndf 36.73/7 y 2000 - Cu:8.4keV
3 | T | ‘ 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 | | | 1 1 1 | 1 1 1 | 1
80000 Prob 52726-06 60 80 100 120 140 160 180
a B Peak 4048 +31.4 VCAL DAC units
3500 MO mean 120.4 £ 0.1
3000; c 12.28 +0.23
2500; ! ! . . .
F P Calibration line > ~50 e per Vcal
1500; f %i
1000; +
500;
ob et e P L
02.06.14 0 50 100 150 200 250 300 15

ADC Counts
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« CMS will replace the pixel detector during the extended year end technical
stop in 2016/2017:
* 4 barrel layers and 3 forward disks

« New digital read out chip
- Maintain/improve performance of current pixel detector at large pile-up

« ROC prototype works very well and with expected performance (also
after irradiation)

« Sensors produced, ROC submissions at hand
“>Module production will start in fall!

CMS Technical Design Report for the Pixel Detector Upgrade
http://cds.cern.ch/record/14818387In=de
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2015

2021

2030
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CMS pixel “"Phase 1 upgrade”

|4

CMS “Phase 2 upgrades”
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Parameter of Pixel System

# layers (tracking points)
beam pipe radius (outer)
innermost layer radius
outermost layer radius

pixel size (r-phix z)

In-time pixel threshold

pixel resolution (r-phi x z)
cooling

material budget X/X, (n=0)
material budget X/X, (n=1.6)
pixel data readout speed

15t layer module link rate (100%)
ROC pixel rate capability

control & ROC programming

02.06.14

Present
3
29.8 mm
44 mm
102 mm
100w x 150w
3400 e
13u x 25u
CgF14 (monophase)
6%

40%
40MHz (analog coded)
13 M pixel/sec
~120 MHz/cm?
TTC & 40MHz I°C

Upgrade
4

22.5 mm (LS1)
29.5 mm
160 mm
100w x 150w
1800 e
13w x 25 (or better)
CO, (biphase)
5.5%
20%
400Mb/sec (digital)
52 M pixel/sec
~580 MHz/cm?
TTC & 40MHz I1°C

20
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Increased buffers in the double column periphery:

* time-stamp 12 2 24
« data-buffers 32 > 80

In addition: present ROC

new ROC
26 Double Columns 26 Double Columns
+ IHEEREEREEREREEEREEREEEREEES

||II L e ey
internal token

o Readout <
Buffer & Logic
Header l_
Header
external token
A \/ A | trigger ¥

Trigger verified data has to wait for external token
passing through all ROCs and Double Columns

During this time Double Columns are blocked for
data taking

New readout buffer with 64 cells added:

If trigger arrives double column buffers can be
copied to new FIFO and double column can

02.06.14

resume data taking
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Scope overlap of 4160 pixel readouts

5 clock cycles:

fel Run: 230Ms7s - sample @ | | encode 13 bits of pixel
1 pixel hit - {87585, | | address information.
Do N : L / 16af_level 0 level 1level 2 level 3 level 4 level 5
Ch|p ....... | |eve| 5 405
. i . 140—
__h_e_a_d_e_r_: leveld ok
et o ' 100f-
................. N TR | 60|~
L | ; ; : : a0~
________ 14._._.__’: 4—.—,...._—.—.—,» : . . PP PP o .. 20;_ J J l J
.................. col# pix# | oo
S TR S ST SO0 i E Address level histogram as received by the
LELE. SR = @5ep 2003 | FED where it is digitized. Robust decoding is
WEQAE  100mv  40.0ns possible with the RMS to distance ratio of
26:1.

1 clock cycle:

analog pulse height

The output levels can be adjusted by DACs in each
chip to reduce chip-to-chip variations. In addition, the
level decoding by the FED is calibrated on a per chip

02.06.14

basis.
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Conyener

Spill Counter

Positron @ 4.4-5.6 GeV
used during Test Beam
operation
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Scope overlap of 4160 pixel readouts

5 clock cycles:
R A & | | encode 13 bits of pixel

I pixel hit {87585, | | address information.

A | evel 5

level 4 -

M 40)0ns 7 2.36V gsep 2003
Math 100my 40.0ns 18:24:11

1 clock cycle:
analog pulse height
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i Pixel Barrel
'_°:: B Central part (|n|<1.1): new four-
X o1 layer detector with less material
% 03 than old three-layer detector
0.25
:.:’ 02 @ Forward part: shifting of services
S ot > on support tube further outward
- 01
E 0.05 g
. E
2 4 0 1 2 Zz
n Pseudorapidity =
Pixel Forward g
'_'0.35 { 8
X 03 e Old Geometry ’g
» M New Geometry i =
g 0.25 Fl =
§ 0.2 ,* ;
s_ 0.15
5 o4
3 0.05 Significant reduction
o A of matenial budget
" : Ps:audoranziditv
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Threshold D|scriminator

To how much deposited charge corresponds our internal unit “VCAL"?
In particular relevant for setting the thresholds properly
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< pixel unit cells: 2x80
* Hit pixels send “OR" to the
periphery
colurmn drain fast double * Pixels are “frozen” and their
mechanism column OR hits are collected with a token
that passes from pixel to pixel
» Hit-Pixel Addresses,
ot pulse height and timestamps
| stored in DCol Buffers during
— L1 latency (~4us=150 BC)
«— Time-stamp buffer
Data buffer — Depth: 12 . . .
Depth: 32 * If trigger validates a timestamp

double column stops data taking
and waits for readout token

marker bits indicate
start of new event
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Data Rate Estimations
e Simulation with Pythia Z2 tune and GEANT4

* Assuming 24 bits per hit, 100 kHz level 1 trigger rate

¢ Peak luminosity = 2x10**cm>s!, 6,,=80mb. c_, .,=1.5mb, 25 ns BC

signal™

Layer radius 7 cm|11 cm|16 cm

Pixel fluence [MHz/cm?] 119 52 27

Hits / trigger / module 40 18| 8.4

MBit/link/sec 435 118 66 -

N

1 ROC = 0.65 cm?

Hans-Christian Kastli,
CMS Upgrade plenary,
20.7.2011 31




570 420 270

120 60 0 z[mm]
time scint downstream arm

DUT upstream scint
ref trig

arm trig

eff = isolated telescope track with link to REF hit

DUT hit linked to isolated telescope track with link to REF hit

telescope track: tight matching cut 0.1 mm in x andy

isolation: no other telescope track within 0.3 mm at REF
REF link: tight cut 0.15 mm in x and y

DUT link: loose cut 0.5 mm in x and y
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1 Gy = 100 Rad 10 - N
500 fb . m—
Layer 1: 200 MRad 6 [ Pixel 2 Dose (G} ot 2=125
Layer 2: 50 MRad o E
Layer 3: 20 MRad
; - -
Layer 4: 13 MRad % 10 ! ]
s ;
10 - -
103 — ‘ P S 1 - l M B .
Fluence: 0 20 40 60 80 100 120 140

1 MRad = 3 10"*/cm? pions

D.Pitzl et al. (DESY and Uni HH): ROC tests

Radius(cm)
Pixel upgrade TDR 2012

93 CMS Phase I Pixel Upgrade plenary, 21.5.2014




